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Three grid connected photovoltaic systems based on different PV technologies (poly-Si, a-Si and CdTe),
operating under the same conditions were analysed to determine their degradation and the variation
in seasonal performance. In addition to the intrinsically different degradation of each technology through
indoor tests at standard test condition (STC), a deeper analysis of the variables affecting the fluctuations
of the performance was performed. The performance seasonal fluctuations resulting from the solar spec-
trum and module temperature was studied during a single year (December 2014 to December 2015). A
notable solar air mass spectrum dependence (�11.22%/AM) of the generated power but scarcely detect-
able instantaneous temperature dependence was observed in the a-Si array. In contrast, the poly-Si array
suffered the highest power decline with an elevating temperature (�0.56%/�C). The CdTe array exhibited
a tempered interaction with the solar spectrum (�4%/AM) and temperature (�0.25%/�C). Finally, the
significant maximum power difference between two months (April and September) due to the thermal
annealing and light soaking effects in the a-Si array is confirmed, where the quantified variation of these
two effects were 5.9% and �5.7%, respectively.
1. Introduction

Photovoltaic (PV) energy generation has steadily grown parallel
to the increasing world energy demand and decreasing cost of PV
modules. Worldwide installed PV capacity grew by 45–50 GW in
2015, while the cost was reduced by two-thirds from 2010 to
2015 (IEA, 2016). Although PV is generally applicable to most loca-
tions, it is highly site-specific (Marion et al., 2014) and susceptible
to meteorological factors (Ueda et al., 2009).

Previous studies have portrayed the PV performance maps of
how different PV technologies perform under site-specific climate
conditions, emphasizing the importance of the performance evalu-
ation under actual field operation. Akhmad et al. (1997), through
the investigation of the output performance comparison of amor-
phous silicon (a-Si) and polycrystalline silicon (poly-Si) modules
for a 2-year period, suggested that a-Si is well suited for tropical
climates based on its thermal–recovery effect. Carr and Pryor
(2004) reported that after conditioning and proper ratings, the
analysed thin film a-Si and copper indium diselenide (CIS) modules
outperformed the crystalline silicon (c-Si)based technologies in
Perth, Western Australia, especially in the summer because of
low temperature losses. Cañete et al. (2014) compared three thin
film technologies, including a-Si, tandem structures of amorphous
silicon and microcrystalline silicon (a-Si/mc-Si), cadmium telluride
(CdTe) and poly-Si in Southern Spain, reporting a higher seasonal
variation in these thin film modules, especially in the a-Si module.
They concluded that low temperature losses made a-Si modules
suitable for high irradiation conditions.

However, with the expansion of the PV industry, new studies
have emerged to assess the performance differences on grid-
connected PV (GCPV) systems and their overall energy output pro-
file. Sasitharanuwat et al. (2007) evaluated the first six months of
operational performance of a 10 kWp PV system based on three
PV technologies including a-Si, poly-Si and heterojunction with
intrinsic thin-layer (HIT), illustrating the highest energy output
from the a-Si PV system. Minemoto et al. (2007a) characterized
the effects of the solar spectrum distribution and module tempera-
ture on the performance of twoGCPVs based on a-Si and poly-Si. The
study revealed a stronger spectral dependence but weaker temper-
ature dependence of the a-Si output energy, while the poly-Si GCPV
had the opposite behaviour. Makrides et al. (2010) highlighted the
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influences of the meteorological conditions and geographic loca-
tions on the energy performance of 13 GCPVs located in two high
irradiation cities (Nicosia, Cyprus and Stuttgart, Germany). These
researchers outlined that thin films with lower temperature coeffi-
cients generated more energy than c-Si technologies in high irradi-
ation locations. Ferrada et al. (2015) conducted a comparison
concerning two GCPVs consisting of monocrystalline silicon
(mono-Si) and a-Si/mc-Si technologies, for 16 months under a
coastal desert climate in Chile. They concluded that the dust accu-
mulation affected a-Si/mc-Si more severely than mono-Si.

These studies concluded that irradiance and temperature are
the two main meteorological variables that affect the performance
of GCPV system. Seasonal variation in the solar spectrum con-
tributes to the seasonally changed irradiance. Therefore, the sea-
sonal variation in the PV module output is influenced by the
overlap of the thermal effects and the solar spectrum changes
(Aste et al., 2014; Katsumata et al., 2011; Makrides et al., 2012;
Minemoto et al., 2007b; Phinikarides et al., 2015).

Since different semi-conductor materials have different band
gaps, they vary in their responses to changes in the wavelength-
dependent radiation, which also has a relationship with the sea-
sons because the solar spectrum undergoes a seasonal variation.
The solar spectrum has a larger blue (shorter wavelength) content
during the summer and higher red (longer wavelength) content
during the winter (Virtuani and Fanni, 2014).

Commonly, the solar spectral irradiance distribution is charac-
terized by three approaches: Average photon energy (Katsumata
et al., 2011), useful fraction (Gottschalg et al., 2003), and air mass
(AM), which is the sunlight’s path-length through the atmosphere
and is the approach used in this study (King et al., 1997).

The operating temperature has varied influences on different PV
technologies. The performance of c-Si decreases with an increased
operating temperature due to a higher negative temperature coef-
ficient (Radziemska, 2003), whereas the performance reduction in
CdTe is relatively less due to a lower negative temperature coeffi-
cient (Cueto, 2002). In contrast, modules based on a-Si technology
increase their output power under higher-temperature conditions
and yield a decreased performance under low-temperature condi-
tions. This phenomenon combines the two processes, the light-
soaking effect (LSE) and the thermal annealing effect (TAE)
(Nikolaeva-Dimitrova et al., 2010).

The objective of the work presented in this paper is to compare
the performance of three GCPVs operating in Madrid, Spain. These
GCPVs are poly-Si, CdTe and a-Si modules, which allows inferring
conclusions of the behaviour of each technology operating under
the same conditions. These conditions are different from previous
studies, with high variation in the temperature, irradiance and
AM. The paper is organized as follows. Section 2 provides a descrip-
tion of the experimental setup, as well as the indoor test process,
performance evaluation metrics, AM calculation and data filter
and processing. The results and discussion are presented in Sec-
tion 3 where the module performance variation at STC during a
three year interval is described. Then, the results of the energy con-
version chain are presented, where the analysis of the energy
yields and losses for each GCPV is performed. Finally, different
GCPV performances with respect to seasonal variations causing
variability in the solar spectrum and thermal effects is presented
and discussed. The primary conclusions are presented in Section 4.
Fig. 1. Experimental portion of the grid-connected roof-standing solar plant in
ETSIAAB (Madrid, Spain).
2. Materials and methods

2.1. Experimental setup

This research was conducted by analysing the data obtained
from a grid-connected, roof-standing solar PV plant that has been
in operation since December 2012, in ETSIAAB (Madrid, Spain,
40.4426�N, 3.7295�W). The nominal power of the entire plant is
21.77 kWp, divided into two main areas with several sub fields.
The larger area consists of a poly-Si 16.83 kWp array connected
to a 15.34 kW inverter. The plant counts on an experimental area
(Fig. 1) formed by three independent systems based on poly-Si
(1.61 kWp), a-Si (1.68 kWp) and CdTe (1.65 kWp) with similar
total voltages and currents, each connected to an independent
1.2 kW inverter with maximum power point (MPP) tracking. All
of the modules are mounted in open-air aluminium support struc-
tures with a 30� tilt angle and oriented with an azimuth angle of 3�.
This study is focused on the experimental area, and more detailed
information regarding the above mentioned three systems is pre-
sented in Appendix A.

The output of each inverter, the voltage and current at the DC
side, and the meteorological information (solar irradiance, back-
of-module temperature, ambient temperature, and wind speed),
are measured and stored every 15 min. The main features of the
inverter are shown in Appendix B.

At the end of 2014, an HD32 MT.1 data logger (Delta OHM�) with
eight differential channels was installed to obtain measurements
at a higher sampling rate (1-min). One module of each technology
was randomly selected to attach two thermocouples in the centre
of its rear side to record the operating temperature of randomly
selected modules for each GCPV. Additional irradiance data were
monitored by an extra reference solar sensor based on a c-Si solar
cell. The main features of this equipment are listed in Appendix C.

The site where the solar field is located has a transitional cli-
mate between the typical Mediterranean climate and the cold
semi-arid climate with high irradiation. The site measured annual
meteorological profile in the daytime of 2015 showed the monthly
irradiation on panel varied from 2.92 kW h/(m2 day) in December
to 6.83 kW h/(m2 day) in June. The monthly average ambient tem-
perature varied from 9.7 �C in January to 32.7 �C in July, the wind
speeds in this site were weak with an annual average of 0.75 m/
s, and the average relative humidity varied from 40.28% in August
to 54.84% in January.

2.2. Experimental methodology

2.2.1. Indoor test
The study includes both indoor and outdoor tests. First, the

indoor test was completed in June 2012, six months before the
beginning of the operation of the plant to provide original electrical
information about each PV technology to be installed. Thereafter,
the tested modules were operating under the same conditions as
part of the entailed GCPVs. A second test of the same modules
was conducted in January (poly-Si) and June (CdTe) 2015 after an
approximate operating period of three years.



The indoor tests were conducted using a class AAA (IEC60904-
9) solar simulator (Pasan), with a 10 ms single pulse flash. The
current-voltage curve measurements were recorded according to
(IEC60904-1), which provided the maximum power at STC. The
technical specifications of the simulator are described in Appendix
D. All measurements were recorded at irradiance and temperature
conditions very close to STC (1000 ± 5 W/m2 and 25 ± 2 �C).

Note that a preconditioning state should be achieved before any
indoor tests due to the light activation effect in the CdTe modules
(Muñoz-García et al., 2012). A sunlight exposure of a minimum of
4 kW h should be accumulated by the CdTe modules to activate
them prior to indoor testing. Since the activated state rapidly dis-
appears (less than 15 min) and the module temperature increases
with sunlight exposure, active cooling was performed immediately
after the sunlight exposure and before the indoor test.

2.2.2. Evaluation metrics
The terms describing the operating process of a GCPV used in

this study are the ones proposed by IEC61724. They are described
as follows:

1. The GCPVs converts the in-plane irradiation into DC energy.
This process includes some capture losses and the specific energy
flow (in kilowatt hours/kilowatt-peak [kW h/kWp/day]) can be
expressed by

Yr ¼ Ya þ Lc ð1Þ
where

Yr: reference yield, which is calculated by Yr ¼ Hi=GSTC ; with Hi

being the irradiation intensity during a particular period (one
day in this study) and GSTC is 1000W/m2;
Ya: array yield, which is the specified produced energy at the DC
output: Ya ¼ Edc=PSTC ; where Edc is the produced DC energy and
PSTC is the maximum power of GCPV at STC;
Lc: capture losses, which are caused by the reduction of the
incoming light on module surface from such factors as soiling,
shading, and reflection, as well as temperature effects, electrical
mismatching, parasitic resistances in the PV modules, and
imperfect MPP tracking (Woyte et al., 2013). In this study, the
two major losses considered are due to temperature and the
inverter clipping.

2. The inverter converts the direct current (DC) energy to alter-
nating current (AC) energy to be exported to the grid. The specific
energy flow (kWh/kWp/day) is stated below:

Ya ¼ Yf þ LS ð2Þ
where

Yf: the final yield or system yield, which is the specified pro-
duced energy after DC to AC conversion: Ya ¼ Eac=PSTC , where
Eac is the produced energy from the AC side;
LS: system losses, including the inverter conversion losses and
the system outage.

2.2.3. Air mass calculation
The term ‘‘air mass” is calculated through geographical consid-

erations and describes the relative length that the sun’s rays travel
Table 1
Peak power comparison between indoor tests of poly-Si and CdTe modules.

Poly-Si 1(W) Poly-Si 2(W)

Pmax in 2012 233.10 234.00
Pmax in 2015 229.40 230.80
D Pmax (%) �1.6 �1.4
through the atmosphere. The air mass is a specific solar spectrum
indicator that does not include solar spectrum measurements;
nevertheless, it excludes the influence of water vapor, turbidity
and air pollution.

A simplified formula (Eq. (3)) for calculating the pressure cor-
rected AM (Eq. (4)) only needs the value of the sun’s relative posi-
tion in the sky and the site altitude (King et al., 1997). Complex
mathematical expressions for the AM provided by King et al.
(1997) and Gueymard (1995) show no difference between Eq. (3)
at for sun positions at zenith angles less than 80� (Paulescu et al.,
2012).

AM ¼ cos ðZsÞ�1 � P
P0

ð3Þ

P
P0

¼ expð�0:0001184hÞ ð4Þ

where

ZS sun’s zenith angle, calculated based on the work of Reda and
Andreas (2004);
P local air pressure;
P0 sea level air pressure;
h altitude, 650 m of Madrid.

2.2.4. Clear sky condition
The AM is calculated by a geographical consideration and

should be completed with the associated weather information,
which also affects the spectral distribution. Thus, a pre-
clarification about the weather condition or a uniform weather
condition should be decided. Herein, a clear-sky condition, data fil-
ter and processing of the data used in Section 3.3 and Section 3.4
are stated below:

� Clear-sky condition: the variation of the irradiance less than
10% from the maximum value to the minimum value recorded
during the 15-min recording interval;

� Irradiance range: 700(±20) W/m2, to avoid inverter clipping,
which occurs occasionally at irradiance above 800 W/m2, which
would subsequently affect the maximum power (Pmax);

� Correction: the Pmax was linearly corrected to the maximum
power at STC (PSTC) using the Pmax temperature coefficient (c)
provided by the manufacturers by Eq. (5):

PSTC ¼ Pmax � GSTC=ðG � ð1� c � ðTC � 25ÞÞÞ ð5Þ
3. Results and discussion

3.1. STC performance variation

Table 1 presents the measured Pmax at STC through the indoor
tests as well as the measured variation, showing that the poly-Si
modules reveal a more uniform distribution with the Pmax variation
from �1.3% to �1.6%. The annual performance variation rate of the
poly-Si module is around �0.57%/year, accounting for a 2.5-year
interval. Regarding the CdTe modules, the performance variation
Poly-Si 3(W) CdTe 1(W) CdTe 2(W)

233.04 82.77 80.43
230.01 82.37 79.33
�1.3 �0.5 �1.4



rate is approximately �0.3%/year, suggesting good performance
stability for CdTe GCPV. The obtained annual degradation rates of
poly-Si and CdTe are compliant with the review from Jordan and
Kurtz (2013), indicating a generally favourable operation perfor-
mance of these two GCPVs.
3.2. Seasonal variation of yields and losses

The variation of Yf, LC and LS for the three GCPVs under study
(parameters described by Eqs. (1) and (2)) on a monthly basis dur-
ing three years is illustrated in Figs. 2–4.

The three GCPVs are operated under identical irradiation, thus
their reference yields are also identical. This is demonstrated in
Figs. 2–4 indicating that the sums of Yf, LC and LS for the three
GCPVs are the same. In addition, the Yr values are higher in the
summer and lower in the winter.

The ratios of LS to Ya remained stable throughout the year for
the three GCPVs. Although the same inverter technology was used
in these three GCPVs, the LS ratios (or the annual inverter efficien-
cies) were slightly different. The average annual LS ratios over the
three years are 10.08% (poly-Si), 10.36% (a-Si) and 10.27% (CdTe),
slightly higher than the nominal value 9.1%, corresponding to the
inverter’s nominal efficiency of 90.9% (European efficiency). This
suggests that most the system losses are attributed to the inver-
ter’s conversion losses. Additionally, a lower LS ratio in the poly-
Si GCPV compared to the a-Si GCPV indicates that the poly-Si GCPV
has a more proper sizing ratio with the relative inverter than the a-
Si.

The LC of all the GCPVs experienced a sinusoidal-like trend
along the years, i.e., they were lower in winter and higher in sum-
Fig. 2. Monthly average daily final yield (Yf), capture losses (LC) and system losses

Fig. 3. Monthly average daily final yield (Yf), capture losses (LC) and system losse
mer. This trend can be interpreted from the viewpoints of the sys-
tem design and operating conditions. The higher irradiation in the
summer elevated the output of the three systems, whereas the
undersized inverters ‘clipped’ more energy and the GCPVs could
more easily attain the power limitation condition, resulting in a
higher LC in the summer compared to the winter. Furthermore,
higher ambient temperatures aggravate the LC by increasing the
thermal losses.

The amplitudes of this trend among three GCPVs were different
and varied with seasons. In cold seasons, the poly-Si and CdTe
GCPVs had a lower LC than the a-Si, indicating better photon-
electron conversion performance. The LC ratios (LC/Yr) reached val-
ues of �9.17% (poly-Si) and �4.00% (CdTe) in December 2014,
mainly attributable to the lower ambient temperature and lower
common power limitation conditions. The negative LC values
reflect performance ratio (PR) at values greater than 100% for the
DC portion. This over 100% PR was also reported in a similar study
by Bas�oğlu et al. (2015), even though their investigation was at the
AC portion. In contrast, from April to September, the LC of all sys-
tems were relatively high, with the a-Si GCPV performing better
than the other two materials. For instance, in July 2015, the LC
ratios of three GCPVs were 15.22% (poly-Si), 10.83% (a-Si) and
14.28% (CdTe).

From the viewpoint of the intrinsic characteristics of the PV
materials, in winter, the higher spectral responses and the more
negative temperature coefficients of the poly-Si and CdTe over
the a-Si resulted in their improved performances. On the other
hand, the opposite trend in the summer led to the lower perfor-
mance of the poly-Si and CdTe GCPVs as compared with the a-Si
GCPV.
(LS) of the poly-Si GCPV in each month from January 2013 to December 2015.

s (LS) of the a-Si GCPV in each month from January 2013 to December 2015.



Fig. 4. Monthly average daily final yield (Yf), capture losses (LC) and system losses (LS) of the CdTe GCPV in each month from January 2013 to December 2015.
Other factors, such as soiling, mismatch and shadowing, also
aggravate the LC. Ismail et al. (2013) reported a much higher LC
for two 200 kWp GCPVs based on a-Si and poly-Si in Brunei, where
Fig. 5. Seasonal maximum power dependence in AM-units for the po
the LC were 18.2% and 26.7%, respectively. The corresponding
LC in this study from 2014 to 2015, were 8.4% and 7.5%,
respectively.
ly-Si (a), CdTe (b) and a-Si (c) arrays under clear-sky conditions.



The overall average annual Ya were 1506 kW h/kWp,
1495 kW h/kWp and 1480 kW h/kWp of poly-Si, a-Si and CdTe
GCPVs, respectively. Compared with similar arrays studied by
Sharma et al. (2013) in India, the Yr for the poly-Si GCPV was 2%
less but the a-Si GCPV was 5% more than our GCPVs, even consid-
ering the undersized inverter in our case. The investigation of poly-
Si and CdTe GCPV arrays with similar capacities connected to two
proper inverters by Bas�oğlu et al. (2015) showed mean PR values
that were 83.80% and 89.76%, respectively, in 2015 in Turkey,
whereas the corresponding PRs of the systems in this work were
83.24% and 81.94%, respectively.

The high ambient temperature in the summer is the predomi-
nant factor attenuating the output of the poly-Si GCPV. In contrast,
the seasonal behaviour of the a-Si system is more complex, due to
the overlap of the less negative temperature coefficient and the
TAE as well as a much narrower spectral sensitivity (in the range
of 300–800 nm). Therefore, the a-Si performs better in the summer
(high temperature and low AM) and worse in the winter (low tem-
perature and high AM) compared to the other two GCPVs. It has
Fig. 7. Monthly average m

Fig. 6. The maximum power dependence on the module temperature for the poly-Si, a-S
m2 < irradiance < 620 W/m2, (b) 680 W/m2 < irradiance < 720 W/m2.
been suggested by Notton et al. (2010) that the a-Si technology
has more than a 20% improvement in the summer over the winter.
However, the improvement is counteracted by the inverter clip-
ping, which primarily occurs in the summer, attenuating the out-
put. The CdTe GCPV performs at a moderate seasonal variation
due to a less negative temperature coefficient than the poly-Si
and a wider spectral response than the a-Si, in addition the absence
of the TAE and LSE.
3.3. Seasonal spectral effect on different technologies

The AM-dependence of the Pmax for poly-Si, CdTe and a-Si arrays
increased successively from December 2014 to December 2015 as
depicted in Fig. 5. The higher AM values indicated the solar spec-
trum tending towards longer wavelengths. The regression line par-
allel to the x-axis and a low R-squared value (16%) in Fig. 5a
denotes no clear AM-dependence of the poly-Si array generating
the Pmax, as observed from the c-Si based reference irradiance sen-
sor and the determined irradiance range. The AM-dependence of
odule temperature.

i and CdTe GCPVs under clear-sky conditions for two irradiance ranges: (a) 580 W/



the Pmax for a-Si and CdTe arrays is stronger, which is characterized
by a decreasing trend for increasing AM values (redshift). The gra-
dient of the applied linear least square fit can also provide informa-
tion about the AM-dependence of the Pmax for a-Si array varies at a
higher rate ��11.22%/AM compared to the ��4%/AM variation of
the Pmax for the CdTe array, because of the narrower and more
blue-sensitive spectrum response of the a-Si technology. Further-
more, the notable gap between the Pmax gathered from two periods,
i.e., Apr. 2015–Jun. 2015 and Jun. 2015–Sep. 2015, as shown in
Fig. 5c, suggests there are some additional factors besides the vary-
ing AM that contributes to the seasonal variation of the a-Si perfor-
mance, which is discussed in following section.
Fig. 9. The Pmax as a function of the month for a-Si.
3.4. Thermal effects on the three PV technologies

The maximum power temperature coefficient obtained at STC is
variable and is affected by the meteorological conditions (YE
Jiaying, 2014). Furthermore, the performance of the a-Si has a neg-
ligible relationship with the instantaneous operating temperature
due to the Light Soaking Effect (LSE) and Thermal Annealing Effect
(TAE) (Ishii et al., 2011).

The thermal effect on the Pmax of the three arrays at two differ-
ent irradiance levels (600(±20) W/m2 and 700(±20) W/m2)
restricted in a narrow AM range (1.4 < AM < 1.6) was analysed
(Fig. 6). The Pmax data were collected under clear sky conditions
and corrected by the irradiance and normalized to the rated max-
imum power at STC. The temperature dependence of the poly-Si
and CdTe arrays are more significant, wherein the R-squared val-
ues are nearly 80% and 75%, respectively. The slope of the regres-
Fig. 8. Pmax as a function of the month (April 2015 vs. September 2015) for each array. F-t
sion line gives the amplitude of thermal effects on Pmax, which is
higher in the poly-Si array with the value �0.56%/�C and lower in
the CdTe array as �0.25%/�C. These results are in agreement with
the temperature coefficients provided by the manufacturer. The
poly-Si array exhibits a stronger negative relationship with instan-
taneous the module temperature followed by the CdTe array with a
lower temperature coefficient.

However, the linear temperature dependence for the a-Si array
is not significant according to the rather low R-squared values
est and p-values of the corresponding analyses of variance are included in the plots.



Table 2
Multiple comparisons of the power in four different months from Sep. 2014 to Apr. 2016 for a-Si.

Month1 Month2 Means difference p-value Significant difference

Sep. 2014 Apr. 2015 �4.7% 2.31E�09 Yes
Sep. 2014 Sep. 2015 1.2% 0.05326242 no
Sep. 2014 Apr. 2016 �5.5% 2.20E�12 Yes
Apr. 2015 Sep. 2015 5.9% 8.90E�12 Yes
Apr. 2015 Apr. 2016 �0.8% 0.27343663 No
Sep. 2015 Apr. 2016 �6.7% 1.05E�14 yes
(below 0.5%). In addition, the regression lines are parallel to the x-
axis, where the slopes are�0.04/�C and �0.03/�C in both irradiance
ranges, respectively. It is therefore considerably different from the
temperature coefficient in the datasheet. This phenomenon could
be explained by the TAE and LSE, which suggest that the output
of the a-Si is affected by the gradually increasing/decreasing tem-
perature and continuous insolation rather than by instantaneous
operating temperature.

Consequently, there is a complex overlap of the solar spectral
effect and the TAE, in addition to the LSE. The relationship between
the Pmax and the AM, as arranged by season is shown in Fig. 5. The
figure shows that the Pmax values from July 2015 to September
2015 were higher than the Pmax values from April 2015 to June
2015, even for the same AM range (AM1.2–AM1.6). A threshold
temperature that triggers a more effective thermal recovery pro-
cess was proposed as 38–40 �C by Skoczek et al. (2011). It is plau-
sible that the ‘effective’ TAE could start from April and end in
September according to Fig. 7.

Three analyses of variance for the month (April 2015 and
September 2015) on Pmax were constructed for the three arrays
(Fig. 8). The reason for comparing April 2015 with September
2015 is that they can be considered the first and last month,
respectively, of effective the TAE. All the data shown in Figs. 8
and 9 are collected under clear sky conditions and corrected with
respect to the temperature. Significant differences (F = 68.84; p-
value = 8.87e�9) were found between the two months for the a-
Si array, which outperforms in September over April. In contrast,
no significant differences were found in the Pmax for the poly-Si
and CdTe arrays between the two months.

Additionally, the mean Pmax values for the poly-Si GCPVs in
these two months are very close to the STC rating as a result of
the fixed AM and a proper temperature and irradiance correction.
However, the mean Pmax values of the CdTe array are lower than
the STC rating, indicating that the temperature and irradiance cor-
rection are not as effective as they were for the poly-Si array.
Despite this ineffective correction, the uniform clear sky condition
and the similar operating temperature provide a uniform compar-
ison basis between April 2015 and September 2015. The mean Pmax

values for the a-Si increased from 1.63 kW in April to 1.7 kW in
September 2015, indicating the improving performance due to
the TAE. The higher values over the STC rating are due to the poor
relationship between the a-Si array output and the instantaneous
operating temperature.

A second analysis of variance was done for the Pmax of the a-Si
array, spanning a longer period from September 2014 to April
2016. Significant differences were found between April and
September (p < 0.01), whereas the difference is not statistically sig-
nificant (p > 0.01) between the same month of two calendar years
(i.e., Sep. 2014 & Sep. 2015 or Apr. 2015 & Apr. 2016). The maxi-
mum power variation between the four months is illustrated in
Fig. 9. The superimposed interactions of the TAE and the spectral
influence are isolated using a narrow AM range and clear sky con-
ditions. We can infer that the variation from September to April is
ascribed to the TAE and SWE. The generated power from the a-Si
array decreased due to the LSE from September to April and then
regenerated through the more effective TAE from April to the fol-
lowing September.

The mean value of the Pmax in September 2014 was chosen as
the baseline to obtain clearer quantities of the power variation
among the four months. Then, through the multiple comparisons
method whose results are listed in Table 2, the quantified LSE
and TAE were obtained. From 2014 and 2016, the power
decreased by 4.7% and 6.7% from September to April, respec-
tively, due to the LSE and then recovered 5.9% owing to the
TAE from April to September. Additionally, the existence of the
TAE and LSE also suggests that the instantaneous module tem-
perature is unable to provide a proper temperature correction
of the Pmax for the a-Si. Consequently, a 6% annual performance
variation due to the SWE is suggested in this study, which is in
compliance with the investigation of (Virtuani and Fanni, 2014),
as well as the report of (Gottschalg et al., 2005) concerning the
NERL case.

4. Conclusions

After analysing the performance of the three grid-connected PV
systems based on different technologies, operating under the same
conditions at the test-site in Madrid, Spain and for the period con-
sidered, the following conclusions can be drawn:

� According to the indoor test result, after a three-year outdoor
operating period, the STC performances of randomly selected
poly-Si and CdTe modules decreased at a rate of 0.57% and
0.30% per year, respectively. The seasonal variation of the cap-
ture losses of the three arrays analysed differed. In the winter,
the poly-Si array and CdTe array had lower negative capture
losses. In the summer, due to a combination of thermal effects
and inverter clipping, the capture losses increased significantly
in each of the three arrays, but the thermal annealing effect and
solar spectrum shift contributed to lower capture losses (3%
absolute difference) of the a-Si array compared with the other
two arrays. The total three-year performance ratio of the three
GCPVs are 81.89% (poly-Si), 81.01% (a-Si) and 81.01% (CdTe),
whereas the inverter conversion efficiencies were 89.92%
(poly-Si), 89.63% (a-Si) and 89.73% (CdTe). This indicated a gen-
erally proper operation of these three GCPVs.

� The AM-dependence on the maximum power of the a-Si array
shows the rate is approximately �11.22%/AM, whereas it is
approximately �4%/AM for the CdTe array. However, the
increasing temperature induced deterioration in array output
which was scarcely detected in the a-Si array because of the
thermal annealing effect. The maximum power of the poly-Si
and CdTe arrays decreased at � 0.56%/�C and 0.25%/�C, respec-
tively. For the a-Si array, the light soaking effect and the thermal



annealing effect were responsible for the significant differences
in the Pmax between April and September. Finally, the multiple
comparison method determined that the quantified light soak-
ing effect and the thermal annealing effect are �5.7% and 5.9%,
respectively, during the period from September 2014 to April
2016.
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A: PV module performance data as given by the manufacturers
poly-Si
 a-Si
 CdTe
Pmax
 230 Wp
 105Wp
 82.5 Wp

Vmp
 29.8 V
 30.5 V
 48.3 V

Imp
 7.72 A
 3.44 A
 1.71 A

Voc
 36.8 V
 41.1 V
 60.8 V

Isc
 8.25 A
 4.05 A
 1.94 A

NOCT
 45±2 �C
 49 �C
 45 �C

g
 13.9%
 7.2%
 11.5%

c (Pmax)
 �0.47%/�C
 �0.2%/�C
 �0.25%/�C

b (Voc)
 �0.34%/�C
 �0.33%/�C
 �0.27%/�C

a (Isc)
 0.045%/�C
 0.08%/�C
 0.04%/�C

Array configuration
 7sx1p
 8sx2p
 5sx4p

Array area
 11.55 m2
 23.2 m2
 14.4 m2
Total array power
 1610W
 1680W
 1650W
B: Main features of ‘SMA sunny boy 1200’ single-phase inverter
Input (DC)
Max. DC power (@cosu = 1)
 1320W

Max. DC voltage
 400 V

MPP voltage range
 100–320 V

Min. DC voltage/short voltage
 100 V/120 V

Max. input current/per string
 12.6 A/12.6 A

Output (AC)

AC nominal power (@230 V, 50 Hz)
 1200W

Max. output current
 6.1 A

Max. efficiency/Euro-eta
 92.1%/90.9%

Accessory

Sunny sensor box
 Radiation reference

sensor

Air and PV module
temperature based on
PT100

Wind sensor based on
anemometer
Sunny webbox
 Integrated web server
C: Main features of HD32MT.1 data logger
Analog input
 Measurement ranges:

±25 mV, ±100 mV, ±1000 mV, ±2500 mV

Resolution: 16bit

Accuracy: 0.01% f.s.
Thermocouples
 Type K

2 for each array

Uncertainty: ±2.2 �C
Irradiance sensor
 c-Si based cells
Storage mechanism
 Scan period: 20 s

Stored period: 1 min

Algorithm: Average
D: Technical specifications of Pasan solar simulator
Applicable standard
 IEC 60904-9

Overall class
 Better than class A

Max. capacitors voltage
 800 V

Pulse duration
 10 ms min

Light pulse stability
 < ±1%

Min. light intensity
 0.7 kW/m2 at 5.0 m and AM 1.5

Max. light intensity
 1.2 kW/m2 at 5.0 m and AM 1.5

Light uniformity
 < ±1% at 5.0 m and an area of

2 � 2 m

Load time
 <30 s
References

Akhmad, K., Kitamura, A., Yamamoto, F., Okamoto, H., Takakura, H., Hamakawa, Y.,
1997. Outdoor performance of amorphous silicon and polycrystalline silicon PV
modules. Sol. Energy Mater. Sol. Cells 46, 209–218. http://dx.doi.org/10.1016/
S0927-0248(97)00003-2.

Aste, N., Del Pero, C., Leonforte, F., 2014. PV technologies performance comparison
in temperate climates. Sol. Energy 109, 1–10. http://dx.doi.org/10.1016/
j.solener.2014.08.015.
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